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Abstract: Modular aptameric sensors for oligonucleotides were constructed by combin-
ing molecular beacon stem-loops and malachite green aptamers. These sensors were de-
signed so that oligonucleotides complementary to the stem-loop region accomplish the
release of malachite green from its binding module. The oligonucleotides that bound to
both loop and stem caused efficient release of the dye. While this sytem is not suitable
for single-mismatch detection, it represents proof-of-concept for drug delivery compo-
nents of autonomous therapeutic devices on a molecular scale.
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INTRODUCTION

Almost three years have passed since our group proposed to use molecular scale
logic elements based on nucleic acid catalysts for the construction of autonomous ther-
apeutic devices.! Since the initial suggestion, we have made continuous progress to-
ward general Boolean computation in solution-phase by deoxyribozyme based logic
gates.2-3 The next step in our work is to demonstrate the ability of molecular logic
gates to trigger a therapeutic action through the release of drugs. There are several
ways to accomplish this goal, and the conceptually simplest would be to build on the
precedent set by Sullenger and colleagues,* who demonstrated that the activity of an
RNA aptamer could be reversed in vivo by adding an oligonucleotide antidote. In order
to expand this approach for our purposes, we could take an aptamer that binds to a
small molecule drug and engineer it to release this drug upon sensing an oligonu-
cleotide formed by a molecular scale logic gate. In this paper, I demonstrate the engi-
neering of malachite green aptamer into a sensor that recognizes oligonucleotides, re-
leases the dye and signals this process by a change in fluorescence.

RESULTS AND DISCUSSION

The choice of malachite green for this demonstration was inspired by the re-
port by Tsien’s group’ that malachite green (MG) complex with its aptamer

*  Dedicated to Professor Zivorad Cekovié, the great teacher of organic synthesis, on the
occasion of his 70™ birthday.
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Fig. 1. A. Malachite green aptamer MGA, and B. malachite green dye MG. C. Stem-loop (MB.1)
(the addition of oligonucleotide complementary to the loop causes the stem opening). D. A con-
struct MB.1-MGA which releases malachite green when it binds oligonucleotide complementary
to the loop. E. A second construct MGA-MB.1 which releases malachite green when they bind
oligonucleotide complementary to the loop.

(MGA)® is strongly fluorescent, while the dye itself is not. This observation pro-
vides us with a simple method to follow the dye release, that is, the loss of fluores-
cence in the solution. We have recently taken MGA7 and engineered a series of
modular aptamers8 capable of sensing small molecules (ATP, FMN and theophy-
lline) through cascaded stabilization of the malachite green binding site; it was
likely that the principles behind such modular aptamers could be expanded to sens-
ing oligonucleotides in solution. For this purpose, the standard oligonucleotide
recognition element, a stem-loop molecular beacon,” could be combined with mal-
achite green aptamer. Previously, we used this stem-loop successfully in our work
on deoxyribozyme-based logic gates.! In this element, when complementary
oligonucleotide recognizes the loop, the stem opens, because double helical loop
cannot co-exist with a closed stem. Thus, the hypothesis behind the new constructs
is that, if this stem is an integral part of the malachite green aptamer, its opening

1 TCT CAA GCC GAA CAC

2 GGAC TCT CAA GCC GAA CAC

3 GACTCT CAA GCC GAA CAC

4 CTTG TCT CAAGCC GAACACCT

5TTG TCT GAAGC C GAACACCT

6 GAC TCT CAA GCC GAACTC
7 GAC TCT CAA CCC GAACTC

Fig. 2 Structures of oligonucleotide inputs.
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would distort the malachite green binding core. This would in turn trigger the re-
lease of malachite green, which could be detected by a decrease in fluorescence.

The malachite green aptamer has two stems, and in order to test this hypothesis,
two modular aptamers were constructed, by attaching stem-loops at the both ends of
MGA. The resulting MB.1-MGA (from molecular beacon 1 bound to one stem of the
malachite green aptamer) and MGA-MB.1 (malachite green aptamer bound by the
other stem to the molecular beacon 1) are shown in Fig. 1. In principle, both of these
constructs should release malachite green if the stem is opened through the binding of
an oligonucleotide complementary to the loop. Accordingly, I proceeded to test the
ability of these constructs to signal the presence of oligonucleotides complementary to
the loop region, as is standard for molecular beacons. Somewhat surprisingly, the addi-
tion of excess of oligonucleotide containing the stretch complementary only to the
loop 1 to the solution of beacon-aptamer constructs (0.3 uM) and MG (2 pM) in buffer
(Tris'HCI 20 mM, pH 7.4, KCI1 140 mM, NaCl 5 mM, MgCl, 5 mM) did not lead to a
significant change of solution fluorescence (Aeye = 610 nm, A, = 650 nm). The likely
explanation for this observation is that the complementary oligoculeotide is bound to
the loop, but then either failed to completely open the stem or relieved the strain by not
base-pairing at all 15 complementary positions. In any case, it was clear that malachite
green binding was interfering with the stem-opening and that we had to extend the
binding oligonucleotide into the stem to achieve MG release. And, as long as the
oligonucleotide could be extended only into one part of the stem, this would not inter-
fere with our ability to recognize generic oligonucleotide sequences in solution.

Next, the ability of two oligonucleotides to affect the release of MG from
MB.1-MGA was tested: oligonucleotide 2 (Fig. 2), which extended into the com-
plete one side of the loop, and oligonucleotide 3 which extended only three-base
pairs into the loop; furthermore, similar tests were performed for oligonucleotides
4 and 5 that bound to MGA-MB.1. The first conclusion of these experiments is
that MB.1-MGA is more suitable for our purposes, because it yielded a better sig-
nal (Fig. 3); so we decided to focus on this construct. A somewhat unexpected re-
sult was that 2 and 3 behaved nearly identically; specifically, even when present in
great excess, they affected only incomplete release of MG from its aptamer com-
plex. This shows how strong the stabilizing effect of the MG binding is on the stem
structure within aptamer, and it argues that to achieve complete MG release we
would have to add an oligonucleotide complementary to part of binding pocket.
Importantly, the observation that we need longer oligonucleotides to achieve the
complete release of MG does not reveal any limitation for its eventual applications
in molecular devices. However, the somewhat reduced signal for the detecton of
shorter oligonucleotides implies a reduced sensitivity in applications related to the
general detection of oligonucleotides.

In order to test the ability of MB.1-MGA to detect mismatches we tested two
oligonucleotides 6 and 7, which both had a secondary, so called auxiliary mutation
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Fig. 3. Testing of oligonucleotides 2 and 3 in
2 _3 4 5 the presence of MGA-MB.1 and 4 and S in
oligonucleotide the prescence of MB.1-MGA.

(conditions: MB.1-MGA 0.3 uM and MG 1 uM). While the sensor was able to distin-
guish the same concentrations of these oligonucleotides in solution, at higher concen-
trations both analytes were able to affect equally the release of malachite green (Fig.
4). While similar results could be interpreted as the ability to detect mismatches (at
least at certain concentrations), within the context of near perfect mismatch detection
by some of the other systems, we are reluctant to put forward that claim.
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Fig. 4. A. Fluorescent spectra of MB.1-MGA in the presence of increasing concentrations of 7
(concentrations from bottom to top: 10, 5, 2.5, 1.25, 0.615, 0.307, 0.153, 0.075, 0.036 and 0 pM).
B. % Decrease in fluorescence of MB.1-MGA vs. concentration for oligonucleotides 6 (squares)

and 7 (diamonds).

In conclusion, the results presented herein clearly demonstrate that stem-loop
control could be expanded to the release of small molecules from their complexes with
aptamers. However, small molecule binding stabilizes the connecting stem, which re-
quires us to use either longer loops (this option was not tested here) or to extend the
complementary region into the stem, as was demonstrated here. While aptamers at-
tached to the stem-loop seem not to be perfect tools for mismatch detection, they suf-
fice as small-molecule releasing elements that could accept oligonucleotides formed
by upstream computation elements.
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U3BO

AJIOCTEPHA PETYJTALMJA BESVUBABA MAJINX MOJIEKYJIA 3A
AIITAMEPE

MUMIIAH H. CTOJAHOBUR

Oocek 3a meouuyuny, Koaymbuja Ynusepsuiueia, IIpezpadak 84, 650W 168. yauua, Ibyjopk, NY 10032, CA1

Y uuiby f1a ce leMOHCTpUpa MOTyhHOCT /12 OJIMTOHYKJICOTUAHU pelenTop (Wiid anTaMep)
OTITYCTH MaJIA MOJIEKYJ Y 3aBHCHOCTHU OJ TIPHCYCTBa OMIIO KOT OJMTOHYKJIEOTH/a, KOHCTPY-
WCaH¥ Cy MOJIYJIapHM anTaMepHH CEH30pU. Y OBHM CEH30pHMa, KOMOMHOBAH je anTaMep KOju
Be3yje MaJaxXuT-3eJIeHO PeleNTop 3a oauronykiaeoruae. Husom excnepuMeHnara, [eMOHCTPHU-
PaHo je 1a caMo OJIMTOHYKIICOTHIU KOJH CE Be3yjy 3a JIe0 OCHOBHE CTPYKTYpE anTaMepa MOry
edukacHo 1a ocnobone Be3aHy 60jy. Masia oBaj cuctem Hehe 6UTH MOTO/IaH A Ce IPEN03Hajy ¥
pPacTBOpYy OJIUTOHYKJICOTH[U ca jefHOM HecmapeHoM Borcon-Kpuk 6a3oM oHE Cy BaxaH
KOpakK Ka KOHCTPYKIIUj1 ayTOHOMHHX T€paNeyTCKUX HalpaBa Ha MOJIEKYJICKOM HUBOY.

(IIpumibeno 1. jyma 2004)
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